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B cell maturation antigen (BCMA) is a tumor necrosis
factor receptor family member whose physiclogical role
remnins unclear. BCMA has been implicated as a recep-
tor for both a proliferation-inducing ligand (APRIL) and
B cell-activating factor (BAFYF), tumor necrosis factor
ligonds that bind to multiple tumor necrosis factor re-
ceptor and have been reported to play a role in autoim-
mune disense and cancer. The results presented herein
provide a dual perspective analysis of BCMA binding to
both APRIL and BAFF. First, we characterized the bind-
ing effinity of menomeric BOCMA for its ligands; BAFF
binding affinity (Cg, = B = 5 pw) is about 1008-fold
reduced compared with the high affinity interaction of
APRIL (iC,, = }1 = 8 nm). Second, shotgun alanine scan-
ning of BCMA was used to map critical residues for
either APRIL or BAFF binding. In sddition to a previ.
ougly deseribed “DXL" motif (Gordom, N. C., Pan, B,
Hymowitz, S. G., Yin, J., Eeliey, B.F., Cochkran, A. G., Yan,
M., Dixit, V. M., Fairbrother, W. J., and Starovasnik,
M. A. {2008) Biochemisiry 42, 5977-59838), the alanine
scanning results predicied four amine acid positions in
BOMA (Tyr'®, e, GIn®, and Arg™) that eould impart
ligand specificity. Substitution of Tyr'® was tolerated
for BAFF binding but not APRIL binding. Arg™ was
required for high affinity binding to APRIL, whereas
substitutions of this residue had minimal effect on affin.
ity for BAFF. Further phage display experiments sug-
gested the single mutations of 122K, Q25D, and B27Y as
providing the greatest difference in APRIL versus BAFF
binding affinity. Incorporation of the Q23D and R27Y
substitutions inte BCMA produced a dual specificity
variant, since it has comparable binding affinity for
both APRIL and BAFF, 1Cy, = 350 and 700 nm, respec-
tively. Binding of the 122K mutant of monomeric BCMA
to BAFF was undetectable {(ICy, > 100 pm), but affinity
for binding to APRIL was similar to wild-type BCMA.
Based on these results, a BCMA-Fe fusion with the single
122K mutation was produced that binds APRIL, IC,, =
12 pm, end hns no measarable affinity for BAFF., These
results suggest that APRIL is the preferred ligand for
BCMA and show that specificity can be farther modified
through amine acid substitutions.

The tumor necrosis factor receptors (TNFRs) are o super-
femily of transmembrene receptors involved in cell communi-
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cation within the immune systern. TNFR family members are
structurally characterized by extracellular cysteine-rich do-
mains {CRDs) that form ligand-binding motifs, Family mem-
bers can be further classified based op intracellular domains
that can either stimulate apoptosis through s desth domain or
cell proliferation through a TNF receptor-associated factor
binding motif (1, 2}. Downstream signaling for this subgroup of
the TNFR superfamily activates the NF-«B intracellular path-
way, often via TNF receptor-pssociated factors, ultimately re-
sulting in cell proliferation {1-3). The corresponding TNF Li-
gands shave a common structural motif called the TNF
homology domain, in the form of a B sheet jelly roll, through
which the ligands trimerize for receptor activation. TNT family
members are expressed in a8 membrane-bound form but can
underpo protenlysis to preduce nn active soluble trimer,

Generally, members of the TNFR superfamily found on B or
T cells are type I trensmembrane proteins that have several
CRDs {1). There are, however, receptors in a subgroup that are
expressed by B cells, are type TI transmembrane proteins, and
contain a reduced number of CRDs: B cell maturation antigen
(BCMA), transmembrane activator and CAML interactor
(TACI}, and BLyS (BAFF) receptor 3{BR3, also called BAFF-R)}
{4~8). The extracelular demain {ECD} of TACI contains two
CRDs, the BOCMA ECD comprises one CRD, and the ECD of
BR3 contnins only a partial CRD. Together with the receptor
{Fnid) for the TWEAK ligand, BOMA and BR3 are the smallest
members of the TNFR superfamily. Since TACI, BCMA, and
BR3 lack an intraceliular death domain, it is believed that
these receptors are involved in cell survival, proliferation,
andfor differentiation. Specifically, recent in vitro stedies of
BCMA presented evidence for the BOMA intracellular region
interacting with TNF receptor-associated factors, leading to-
ward downstream activation of NF-«B, ELK-1, c-Jun, and p38
pathways {3). BCMA homozygous knockout mice, however,
show no distinct phenotype, suggesting a redundant or nopes-
sential role for this receptor {9, 10). In contrast, recent in uive
studies with TACI reveal its eritical role in B cell homeostasis
snd mice harbering o knackout of the TACI gene develop a
fatal, lupus-like autoimmune disease (11). A rmouse stroin ex-
pressing a BR3 recepior having intact extracellular and trans-
membrane domains bui a disrupted intracellular domain, and
thus defective for downstream signaling, has a significently
reduced number of mature peripheral B cells (7). Thus, BR3
appears to be essential for B cell survival, TACI is iroportant
for modulating the B cell population, and the physiological role
of BCMA is unclear.

CRD, cysieine-rich domain; TNF, tumor necrosis Tacter; BCMA, B eell
maturztion antigen; TACL, transmembrane sctivator and CAML inler-
nctor; BAFF, B cell-activating factor; BR3, BLy5 (BAFF) veceptor 3;
ECD, extracellular domnin; BLISA, enzyme-linked itnmunosorbent es-
saé': PBS, phosphote-buffered saline; NNE, (A/C/GT) (MG (T/T)
cotdon.
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The TNF family member BAFF is the only known ligend for
BR3. BAFF-dependent B cell proliferation appears to reguire
BRS; however, BAFF has also been reported to bind TACI and
BCMA (6, 8, 12). APRIL, the TNF family member most closely
related to BAFF, plso binds TACK and BCMA (5, 7, 8). Despite
cross-reactivity with receptors, the expression patterns of
BAFF and APRIL are distinet; BAFF is expressed by macre-
phages, monucytes, neutrophils, dendritic cells, and radioresis-
tant stromal cells, whereas APRIL is expressed by lymphoid
cells and at elevated levels by some tumor cells (13-18), Tight
regulation of BAFF levels appears to be critical for B cell
homenstasis. BAFF knockout mice display significant redue-
tion in the development and survival of foilicular and marginal
B cells, whereas miee expressing 2 BAFF transgene develop 8
lupus-kke autoimmune syndrome (4, 8, 18, 20). Based on their
roles in B celi-mediated immunity, these ligands (BAFF and
APRIL) and their correspondiog three receptors (BR3, BCMA,
and TACI) provide likely targeis for disease therapy. For ex-
ample, studies by Kayagaki et al. (21) reveal attenustion of
autoimmune lupus-ike disease progression in mice with
BRS-Fe treatment. In light of the recaptor cross-reactivity, an
APRY -specific receptor would be a useful laboratory diagnos-
tic tosl or even a therapeutic agent; however, an APRIL-specific
receptor has not yet been characterized.

Given that TNF ligands are trimeric and can bind three
molecules of the corresponding receptor, there may be signifi-
cant differences in apparent affinity between ligands binding to
receptors in monovalent persus multivelest forms. Previous
reports of binding affivities suggest that BAFF-BCMA has
panomolar affinity; however, these studies used a hivalent
receptor-Fe fusion ronstruct that could result in measured af-
finities that are enhanced by avidity {5, 6, 8). In this study, we
characterized the APRIL and BAFF binding affinities of the
extracellular domains of monpmeric BCMA, BCMA-Fe, and
BR3-Fe¢ in order to determine the role that avidity could play in
ligand-binding affnity. Furthermore, we have performed an
alanine scan (22, 23) of the BCMA ECD in order to idantify the
residues determining specificity for binding to APRIL or BAFF.
Finally, based on the alanine scan resulis, we produced a
BCMA-Fe fusion with a single point mutation in the BCMA
ECD, 122X, that maintains high affinity for APRIL but has ne
measurable binding to BAYF.

EXPERIMENTAL PROCEDURES

Reagents were obtained from the following sources: o-phenylenedia-
mine dihydrechioride (Sigma), Streptavidin peroxidese (Reche Applied
Science), IgC-horserndish pernxidase {Tackson ImmunoResenrch Labo-
ratories), Protease Complete (Roche Applied Science), ant-M13-horse.
radish peruxidase {Roche Applied Sciente), suifo-N-hydroxysueeinim-
ide-biotin (Pieree).

Human BAFF was expressed and purified as previously described
{24). Buman BR3-Fe (25) was a kind gift from Y,-M. Heu (Biogen}.

APRIL Expression and Purification—A PCR product ceding for
amind acds Lys'™-Leu™? of murine APRIL was subcloned into the
XbalMNot! sites of o medified pET-32a vector with o deleted 5-Fng and
enterokinase site 1o generate an N-termina] thioredexin fusion protein.
The pET-320-APRIL{Lys'™-Leu®") was transformed into Origami
{DE3) competent eslls (Novagen)k Overnight cubbures were diluted
1:100 and grown at roow temperature in LB medium with 50 pp/ml
earbenicillin to an Ay, of 0.8 with vigorous sheking. Isopropyl-1-thio-
B-p-gelaclopyrunoside wos ndded to ¢ fsai conesntrption of 1 mt for
induttion, and cultures were grown overpight at 25 °C. Oune liter of
frozen cell pellet was resuspended in 100 mi of bufTer A (50 mat Fris.
HOE pH 1.8, 300 my NaCl, 0.5 m phenylmethylsulionyl flusride, 2 mm
benzamidine) with & mu imidazele and placed on ice for 30 min. Cells
ware homagenized by passage throvgh o micofluidizer and centrifiuged
at 15,008 rpm for 45 min. Supernatant was doaded onto & 3-ml nickel-
nitrilotrineetic acid-ngarese column {Qingen), washed with 10 column
volumes of Buffer A with 10 my imidazole, pnd eluted with 16 column
volumes of Buller A with 308 mM imidrzole, Fractions containing thi-
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oredoxin-APRIL fuion protein werz pooled, concentrated, and purified
by Superdex 200 size exclusion chromatography.

Breulovirus Expression and Purification of BCMA ECD—DNA cod-
ing for remidues 453 of the humon BCMA ECD was amplified by PCR
and subclonad inte the vector pET15b {Novapgen) using the Ndel and
Xhol restriction sites to introduce en N-terminal His tag and 8 throm-
bin ceavage sequence preceding the BCMA coding regien. This His-
tagged BCMA construct was subeloned into the baculovirus transfer
vector pAcGPETR (Pharmingen) using the BamBI and Notl restriction
giles. The transler vector was to-transiecied with BecuioQold DNA into
519 cells, and recombinant virus was subsequently isolated and nmphi-
fied to faciiitate protein production. After 3 days of growth of virally
infected Hi5 cells ot 27 *C, His-tagged protein wos purified from the
eaiture medivm by chromatography on Ni**-nitrilotriacetic acid resin
as deseribed previously (26), followed by gel fltration on o Superdex 75
celumn, BCMA eluted from the Superdex 73 column a8 o monomer.
N-terminal sequenzing and mwass spectrometry were used to confirm the
proper identity of the purified protein and the presence of both glyeo
sylnied and nonpiycosylated species in the purified protein poal,
respectively.

BCMA-Fe Expression and Purification—BNA enceding the ECD
{residues 5-31) of hBCMA was fused to hFe to form a fusion construct
in the pRK vector and expressed in Chinese hamster ovary cells as
previousiy described (5). Site-directed mulagenesis (Stratagene
QuikChange™ method) wes used to intreduce the single mutant 122K
in the hECMA-b¥r fusion construct. Escherichin coli 264 cells were
transformed with the pRE-hBCMA-hFe plasmid for large scale produc.
tion of plasmid DNA. Transient transfections of the plasmid in HEK
293 ceils using FuGENE 6 (Roche Applied Science) produced secreted
BCMA-Fe protein. The BCMA-Fe wos purified from the HEK 283
growth medium by affinity chromatography using Protein A-Sephsrose
(Amersham Biostienzes) resin,

Phuge Display of BCMA-—An initial vectar for phage display of the
BCMA extraceliular domain was prepared by PCR subcioning of the
fragment encoding residuey 5-50 into the phagemid sTF-g3 (27). The
resulting construct (BCMALY-g3} contained residues 550 fused at the C
terminus to & iripeplide {G-5-A} linker and an amber stop codon fol-
lowed by the C-terminat half of the M13 p3 coat protein. The bacterinl
signal sequence st wos joined to the N terminus of BOMA with an
inserted Ser residue comprising the P deavage site far the signal
pepiidese. Expression was driven by the alkaline phosphntnse pro-
moter. Phagemid BCMA2-g3 was prepared by using site-directed mu-
togenesis (28} to insert the peptide epitope {MADPNRFRGEDLGG) for
an antibody (3CB:2F4; Genentech, Ine.) between the PY and P1° resi-
dues of the signal sequence cleavags site, BCMAZ-g3 phagemid was
used to prepare twa “shotgun alanine” seanning libraries essenticlly as
described previously {29). A shotgun alanine vodan will code for the
wild-type residue, slenine, or one of two ndditional substitutions in
certain coses, due bo codon degeneracy, ab o given pesition. Each of
these Lbraries, prepared separately, contains shotgun codons at unique
pasitions, Library 1 has shoigun codons at pesitions 7, 8, 10, 11, 32, 13,
14, 15, 16, 17, 18, and 19; library 2 has shotgun codons at pasitions 22,
23, 25, 26, 27, 28, 30, 31, 32, 33, 34, 35, snd 36. Eatk library contained
at Jeest 1 X 10* phage/mi allowing for complete representation af the
theoretica} diversily (> 105-fold excess) {library 1 codes k.1 X 10° unique
sequences, and lbrary 2 codes 5.2 X 10* unique sequences).

Library Sorting and Analysis—Phage from eoch of the lbraries
described above were subjected to rounds of binding selection against
either BAFF, APRIL. or anti-tng antibody (3C8:2F4; Cenentech, Inc.}
immobilized on 86-well Nune Masisorp immunoplates (30). Bovine se-
run elbumin-coated wells were used to determine nonspecific baek-
ground binding. Phage eluted from each target were propogated in E.
coli XL1-Blue in the presence of M13KG7 helper phage; amplified phage
were used for selection sgainst the same terget in the previous round.
Phage serting was stepped, generally &t roand 2 or 3, when 100-fold
enrichment was chtained. Ennichment was calculated from the ratio of
the phogpe titer eluted from the target-coated wells to the phage titer
eluted from the bovine serum albumin-coated wells, Individual clones
from each library ond selection target were then grown in a SG-well
formaot in 400 pd of 2YT medinm supplemented with earbenicillin and
KOT helper phage. Phoge ELISA sssays {28) were performed to detect
phoge-dispieyed varienis of BCMA ECD capsble of binding BAFF,
APRIL, or apti-tag antibody. All clones tested that were found to be
positive in their respective ELISAs were then sequenced ns described
previously (30). Sequences of acceptable goality were translated and
aligned. For selection of binding to BAFF, 40 ond 47 sequences were
anolyzed for librares 1 and 2, respectively. For selection of binding o
APRY., 44 nnd 45 sequences wera anelyzed from librories 1 and 2,
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respectively. For the display selection, binding to nnti-tog antibody, a
minimum af 40 sequences were anclyzed for each library. To guantify
the effect of each mutation on ligond binding, normalized Frequency
ratios (F) for each amine acid position were caleuiated from 8 ratio of
Yigand selection to display efficiency celection, s described previously
(31}

NNE Likrory Construction and Sorting—The BCMAZ.g3 phogemid
was used to prepare a library having esmplete randomization (NNS
degenerate codon ns defined by TUB code (23)) of residues Leu™, 11e,
Cln™, and Arg™. The library contained 1 X 10° phoge/ml, allowing
complete representation of the librery, theoreticatly 1 X 10° unigue
members. This librory was sorted ns described for the shotgun alanine
Iibraries. Since each amine acid position selected for NNS codon intro-
dugtion has the potential al 2}l 20 amino acids from 31 wwiplet codons,
the dats are weighed nccording to codon degeneracy by ealculating the
ratio af percentage of oecurrence Lo percentage of degeneracy of the
aminc acid at a given position s supgesied previously (32). The ner-
malized & velue is Lhe percentage of occurrence Lo percentoge of de-
generacy ratio for ligand selestion divided by the percentage of ocour-
rence io percentage of degeneracy ratio for display efficiency.

Ezpression and Purification of BCMA-Z Fusion Proteins—Piosmid
BEMA-Z, designed Lo express a protein fusion of BOMA ECD (residues
550} and the Z domain of protein A {33) was constructed by using PCR
to replace the amber stop and gene 3 portion of BOMA1-g3 with the 2
domain fragment from plosmid pZCT (34). Cligenucieclide-directed
miutagenesis was performed as described (28) to genernte point mula-
tions ond all constructs were verified by DNA sequencing. BCMA-Z
fusinn proteins were expressed by secretion from E. eolf and purified by
chromatograghy on 1gG-Sepharose s described previously (35)
BCMA-Z proteins were further purified by size exclusion chremotogra-
phy oo o HiPrep 16/60 Sephoery] 8.100 HR celumn, BCMA-Z had on
piution volume from the $-100 column between that of soluble humas
tissue factor (M, 24,800) and E. coli thioredoxdn {M, 11,675). A malar
mass of 12,000, consistent with the monomer MW of 33017 calculated
from the amine agid sequence, wos calenlaled Srom light scattering data
coflected en e mini-DAWN deterter {Wyatt Techuislegies), Amino acid
analysis was performed on the purified BCMA-Z to determine the
extinction coeffrient e, = 9832 8™ am %),

Competitive Displacement ELISA~~Receptors were tested for binding
to either APRIL ar BAFF in o competition ELISA assay, A 100-pl
solution of curbanate buffer (pH 9.6) containing 2 pg/ml targes ligand,
either APRH, or BAFF, was canted en Nune Maxisarp 96-well plates
overnight at 4 *C. The plate was washed with PBS and blocked for 1 h
with 200 ul of 0.2% bovine serum albumin in PBS. In one set of
experiments, 0.2 pgim] of BCMA-Z waos ndded to 3-fold serin! dilutions
of ligand that were prepared in 2 96.well plate consaining PES plus
0.05% Tween 20 and incubated for 1 h. After woshing the conted plate
with PBS plus Tween 20, 100 phiwell of each dilution was transferred
tnd incubated for I h at rours temperature. The plate was washed with
PBS phus Tween 20 and incubsted with 100 plwell of 2 1:3000 dilution
of Igti-horseradish peravidnse for 1 h to detect bound BOMA-Z through
the Z domain-Igls interaction. After washing the plote with PBS plus
Tween 20 followed by o fing] wash in PES, the piate was incubated for
5 min with 3100 pbiwell PBS substrate solution containing 0.8 mg/mi
o-phenylenedismine dibydrochloride (Sigme? and 0.01% Hy0;. The re-
action wos quenched with 100 plAweli of 1 4 HyPO,, and the piate was
read at 492 s,

In n variation of the nhove ELISA, 3-fold serial dilutions of receptors
were prepared in PBS plus 0.05% Tween 20 with 7 py bictinylated
PBOMA-2 {when APREL was the target) or 0.3 pM biotinylated “mini-
BRA,” BRI residues 17-42 {when BAFF was the target). Mini-BR3 was
prepared and biotinylnted es described previously (24). For BCMA-Z
biotinylation, 20 pg of purified BCMA-Z wos incubated with a 3-fold
malar excess of Bistin-sulfo-N-hydroxysuccinimide (Pieres) in PBS at
25 *C for 3 h and then quenched with & 10-fold molnr exvess of Tris-HCI,
pH 7.5. After washing the NUNC plate conted with either APRIL or
BAFF with PBS plus Tween 20, 100 pliwell of ench receptor dilution
was trensferred and inmubated for 1 b at room temparature. The plate
was washed with PBS plus Tween 20 and incubated with 100 pliwell of
0.1 1nit/ml Streptovidin peroxidnse (Roche Applied Seience) for 15 min.
The peroxidase signal wes developed ond delected as deseribed mbove,

Mecsurement af Binding Constonts for Receptors to Ligands—Sur-
face plasmon resonance measurements on a BlAcore 3000 instrument
(Pharmacin Bicsensor) were used to measure binding affinities of re-
ceplors to immobilized APRIL and BAFF. The ligands were coupled to
the sensar chip at a level of 400 resonmnce units using the amine
coupling protocol supplied by the manufecturer. In all experiments,

fiow cell I wos ethanolamine-blocked and used as the reference cell.
Regeneration conditions that caused receptor dissociation, withsut dis.
ruption of the lipand trimers, could not be ideatified. Alternatively, in
arder to perform severa} binding meesurements over the same low cell,
the ligand-receplor complex was allowed to dissociate by washing the
flow cell with buffer at 30 zVmin for 900 5. Sensorgrams were recorded
For recaptor solutions ranging in concentration From 6.25 to 200 ny in
2-fold increments, Nonlinear regression analysis was used to simulia.
neously ealeulate kinetic constants and binding constants using sofi-
ware provided by the manufacturer.

RESULTS

BCMA Production—Previous reports on the internction of
BCMA with BAFF utilizing bivalent BCMA constructs (BCMA-
Fr)have indicated a high affinity interaction with K, values of
ahout 1 na {5, 8). More recently, studies with monovalent
BCMA-Fc hove indicated 8 much weaker affinity for BAFF
{25). Here we have produced monomeric BCMA and measured
affinities for both BAFF and APRIL. Monomeric BCMA was
purified from baculovirus expression as well as from E. coli
secration as 8 fusion with the Z domain of Protein A. Although
bacalovirus expression provides a means to generate correctly
folded ang monomeric BCMA BECD, the Z domain fusion con-
struct has the advantapes of high level E. coli expression and
detection thraugh the 2-IgG interaction. BOMA.Z was readily
purified from E. coli extracts by using a twe-tolumn procedure,
and the purified protein eluted as & monomer from a gel filtra-
tion column (data not shown).

Measurement of Receptor-Ligand Binding Affirities—Bing-
ing affinity for monomeric human BCMA-Z to murine APRIL
and human BAFF was measured by the competition ELISA
deseribed under “Experimental Procedures” (Fig. 14). Al
though humar BCMA and human BAFF were used in these
experiments, murine APRIL was used, since the murine pro-
tein is better behaved than the human protein in vitro. Murine
and buman APRIL share >B0% sequence identity, and the
puiative receptor-binding residues (see “Discussion”) are obse-
lutely conserved. APRIL was expressed and purified as a thi-
oredoxin fusion protein, and all binding experiments were doze
with the intact fusion protein, since removal of the thioredoxin
by limited proteolysis resulted in reduced solubility. APRIL in
solution was able to compete for binding tv BCMA-Z with
immobilized APRIL with an IC;, of 20 nm, whereas BAFF in
solution comppeted for BCMA-Z binding with itnmobilized
BAFT with an 1Cg, of >65 pu, Comparison of APRIL binding
affinity for BCMA-Z and BCMA from baculovirus expression in
a competition ELISA shows that the Z domain does not influ-
ence the measured affinity (Fig, 1B). This equivalent binding
allowed the remaining BCMA binding messurements to be
made using BCMA-Z. A competition ELISA measuring
BCMA-Z binding to APRIL snd BAFF using biotinylated
BCMA.-Z (for APRIL binding) or biotinylated mini-BR3 (24) {for
BAFF binding) confirms that the affinity measurements of
BCMA-Z binding to receptors (Fig. 1C) are consistent with the
ligand competition data; IC,, values of BOMA-Z binding to
APRIL (1C,, = 11 nx) are about 3000-fold higher in affinity
than BCMA-Z binding to BAFF {IC;, = 8 pn for BAFF),

Since previously reported binding afiinities of BCMA-BAFF
interaction have been reporied to be in the low neoomolar
range (5, 8, 25}, a comparisen of various recepior constructs
and ligands was done to examine the effects of avidity on
receptor binding to APRIL and BAFF. Fig. 2 compares binding
affinities of BCMA-Z, BCMA-Fc, and BR3-Ft to either BAFF
(Fig. 24) or APRIL {Fig. 2B). These data reveal that the mono-
valent BCMA-Z binds to BAFF {IC;, = 3 um} with a 1000-fold
reduced affinity compared with APRIL (IC,, =7 aM), whereas
BCMA-Fe, a bivalent construct, binds to both APRIL and BAFF
with low nnanomolar affinity (ICs, = 5 and 13 nw, respectively).
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Fis. 1. Competitive displacement ELISA of BCMA ligand interaction. 4, inhibition of BCMA-Z binding o irtnobilized APRIL (cireles) ar
BAFF (squares) in the presence of increasing amounts of the same coluble ligand, Data represent the mean = 5.D. of three data sels with IC,,
values of 20 n for APRIL and 65 pit for BAFF. B, displacement of biotinyiated BCMA binding to immebilized APRIL by unbiotinyleted BCMA
{cirvles, biotinylated baculovirus BCMA and unlubeled baculovirus BCMA: squares, biotinylated baculovirus BCMA and unlabeled BOMA-Z,
digmonds, biotinylated BUMA-Z ond unlabeled baculovirus BCMA, X, biotinyinted BCMA-Z and unlabeled BCMA-Z), €, data shown are for
BCMA-2 competing with biotinylated BCMA-Z for binding to immobilized APRIL (eireles; IC,; = 11 nv) or BOMA-Z competing with biotinylated
BR3 for binding to immobilized BAFF (squares; 10, = 8 zM). Data represent the menn x 5.D. of three date sets, and curves represent fitting to

o four-parameter equotion.

BR3-Fo binds BAFF, its predicted physiologicsl ligand, with
IC;o = 9 nn for murine BR3-Fe and IC;; = 7 oy for humun
BR3-Fc, but neither human nor murine BR3-Fe have measur-
able affinigy for APRIL.

The ligand binding affinity of BCMA was also measured by
surface plasmon resonance. APRIL and BAFF were selected for
immobilization due to ponspecific interactions of APRIL with
the sensor chip surface when used in the mobile phase. Table I
summarizes the ldneties data for BCMA-Z and BCMA-Fc.
BCMA-Z bound to immobilized APRIL with a K, value of 5.5
nM, whereas hinding to BAFF was not detectable. BAFF bind-
ing by BCMA ECD produced via baculovirus expression was

also undetectable. In contrast, BCMA-Fe bound to both BAFF
(Kp = 4.5 on) and APRIL (X, = 0.2 nM) with high affinity,
consistent with the competition ELISA result. BCMA-Fe bind-
ing to immobilized APRIL gave a faster on-rate with a slower
off-rate than measured for the BCMA-Z-APRIL interaction, as
expected for o bivalent molecule where avidity contributes to
binding.

Mutational Analysis of BCMA-~A shotgun alanice scan (29)
of the single extracellular CRD of BCMA was used to determine
the contribution of individual amino acid side chains to the
binding of either APRIL or BAFF. in order to penerate phage
libraries that were completely represented by the phage pool,



Ligand Specificity of Monouvalent BCMA 16731

A, B.
08 BAFF Binding . APRIL Binding
T ~r . —; -y oy ol - " il . T il
x
0.5 frg-®orre,, 3
Erog-s- g
f\;.' = %1
041 \ K, o
‘.I
g o, %
o taf \ 'B i
o i
p.2f %" 1
01
u -y ol i v‘hq&: BET 0 . - "y " b+
10° 0.001 0.1 10 L 000t 0.1 10
Competing Racaptor {jug) Compeling Receplor {pu)
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TapLE |
Binding constants for recopior binding to ligonds
Association (k,) and dissociation (k) rate constants and dissocistion
constants {K;;) were calculated by nonlinear regression analysis using a
1:1 binding model, NMB, no measurable binding.

Tieceplor-Ligand ky kg kp
x10"% g~r e x107 57! LT

BCMA-Fc-APRIL 32 0.1 02
BCMA.Z-APRIL a5 4.7 55
BCMA-Fe-BAFF 638 3.4 4.5
BCMA-Z-BAFF NMB NMB NMB
BCMA(baculovirus)-BAFF NMB NME NMB

the ECD was divided into two distinct libraries. In these librar-
ies, wild-type codons were replaced by degenerate codons at
amino geid poesitions 7-36 in the BOMA ECD (except cysteines
and alanines), resulting in either the wild-type amine acid or
alanine being expressed st the selected sites. For positions
where the wild-type residue is Arg, Asn, Gin, His, He, Leu, Phe,
ar Tyr, the shotpun code allows for two additional pmino acid
substitutions. These sites were chosen for mutagenesis on the
hasis of their proximity to BAFF in the BCMA-BAFF crystal
structure {36) and because of their structural equivalence to
residuss found important far BAFF-binding iz a shotgun sean
of BR3 (24). The BCMA phage libraries were individually sub-
jested totwo types of selection, target ligand selection (BAFF or
APRIL) and display selection, by binding to an antibody that
recognizes an epitope tag N-terminally displayed en ali BCMA
fibrary members (31). Display selection is critical for normal-
izing BAFF- and APRIL-binding selection with respect to ex-
pression differences between libraries, The normelized wild
type/alanine ratios (F) obtained at each position for both BAFF
and APRIL selection are shown in Fig. 3.

The F value of an amine acig describes the effect of substi-
tution on tarpet binding relative to display efficiencies. ¥ val-
ues of >1 represent deleterions mutations, wheress values of
<1 represent favorable mutations. Due to the relatively small
pool of enriched sequences analyzed, only F values represent-
ing a greater than 10-fold effect are considered significant. The
Tyr'? position in BCMA tolerated some alanine, as well as
aspartate and serine, substitution for BAFF-binding but was
absolutely conserved for APRIL-binding. The F values for

Phe’® indicate a significant contribution to BAFF binding but a
more modest effect oo affinity for APRIL. For both BAFF and
APRIL binding, amino acids Asp'® nnd Leu™ are absolutely
¢eritical in that only wild-type residues were selected. A con-
servative substitution of Leu?® to Val was observed for hoth
APRIL and BAFP selection; however, alanine was not sbserved
at this position. Ala substitution of De™ was not tolerated for
binding to BAFF but was compatible with APRIL binding. The
Gln™ to Ala replacement appeared to have opposite effects on
APRIL and BAFF binding, but the difference in F velue was
barely significant. In contrast, Ala substitution of Arg™ was
strongly preferred for binding to BAFF and disfavored for
APRIL binding. Cther replacements in the C-terminal portion
of BCMA had no effect on ligand binding.

Mutagenesis results for residues Be*, Gln®®, and Arg™ sug-
gest these positions as likely candidates for providing ligand
specificity, since Ala substitution had opposite effects on BAFF
and APRIL hinding. Positions Leu’®, Be™, Glo™, and Arg™
were selected for further phage optimization studies by incor-
poration of NNS degenerale codons at these positions followed
by salection for ligand binding. This new phage library was
subjected to three rounds of sorting against either BAFF or
APRIL and compared with the display target antibody. A lerge
F' velue for an amino acid at & given positicen indicates that
that amino atcid is a {avorable substitution for binding to the
target ligand. As shown in Table II, the substitutions that
result in the maximum difference ip F' (23, 32) batween APRIL
binding and BAFF binding are 122K, Q25D, and R2TY. The
122K substitution produced a >12-fold preference for APRIL
binding over BAFF binding; Q25D and R27Y resulted in > 13-
end 9.5-fold preference for BAFF binding relative to APRIL
binding, respectively.

In order to confirm the effects on ligand binding indicated by
the phage displey results, point mutsnts were produced as
BCMA-Z fusion proteins, purified, and assayed for BAFF and
APRIL binding by competitive displacement ELISA {Table III).
"These data show that Tyr'® is critical for BCMA binding to
APRIL, since Ala, Ser, or Phe substitutions of this regidue all
inerensed the ICg, by st least 400-fold. The substitution of
Tyri? with Ala, Ser, or Phe, produced only small changes in
affinity for BAFF. Consistent with the phage display results,
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Fig. 3. Shotgun alanine scon mutegenesis of BCMA for binding to BAFF or APRIL. The normalized frequency ratios (F) observed for
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Residue preferences ot BCMA positions 18, 22, 25, and 27 fur binding to BAFF or APRIL
A Yibrary having compiete randamization (NNS cadons) at these four sites was prepared and sorted for binding to BAFF or APRH.. The
normalized F* vahues for each of the seanned pesitiens in BCMA were abtained from sequences of positive clones afier three raunds of selection for
binding to BAFF or APRIL. Normplized frequency values (7'} are calrulated from the target/disploy rotio taking inte consideration codon
degeneracy as described under “Experimental Procedures.” In boldface are the F* values that represent o grenier thon 10-fold change in frequency.
A zero value indicates a position where the amino pcid was not observed in sereened clones.
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the single amino acid substitution of 122K in BCMA-Z caused o
grenter than 10-fold reduction in affinity for BAFF but oaly
sbout a 3-foid penalty for APRIL binding. The single substitu-
tion of Q25D in BCMA-Z did not significantly improve binding
to BAFF relative to APRIL, wheress the single amino acid
substitution of R27Y reduced APRIL binding 40-fold, compared
with wild type. The double mutant Q25D/RETY produced a
receptor that could bind both APRIL and BAFF with nearly the
same affinity. These substitutions gave nonadditive contribu-
tions to binding, since the effect measured for the double mu-
tant was greater than the sum of effects measured for the
single mutants. For exampie, the Q23D substitution resulted in

decransed affinity for BAFF, but when combined with R27Y it
gave an increased affinity.

Surface plasmoen resonaonre was used to independently meas-
ure the binding constants of the mutant BCMA-Z proteins for
APRIL (Table IV}, Consistent with ELISA 1C;, measurements,
BCMA-Z wild-type, 122K, and Q25D all bousd APRIL in the
low panomolar renge. R27Y BCMA-Z binding to APRIL showed
a 1000-fold reduction in affinity. The decrensed affinity of this
mutant resulis primarily from a decrease in the on rate of
binding, which leads to poor fitting to a 1:1 binding model and
probably underestimates the actual Kp,. The surface plasmen
resonance data for BCMA-Z Q25D/R2TY binding to APRIL was
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TasLy TIT
Competitive displocement assay of BCMA-Z mutants
binding to APRIL or BAFF
1C,, values shown are for BOMA-Z wild type {mean = S.00. of four
dnts sets) or BCMA-Z point muotants competing with biotinylated
BCMA-Z for binding te immobilized APRIL ar competition with bioti-
nylnted BR3 for binding to BAFF.

1043 volues
DCMA-Z
BAFF APRIL
p nm
Wild type Bxa 1=z
Yida 12 5100
Y138 8 B400
¥iaF 3 5700
122K =100 38
Qash 36 32
R27Y 4 400
Q2aD/R2TY 0.7 350

Tapis IV )
BCMA-Z binding to immabifized APRIL by
surface plasmon resonance

‘the rate constants and dissociation constants (K5) were caleulated by
nonlinear regression analysis using a 1:1 binding model.

BOMA-Z ke ke Ky
[3 Tt ) w1 st n

Wild type B.5 4.7 8.4
122K 130 6.9 63
Q25D 7.9 5.9 7.5
R27Y 0.1 25 8500

not well deseribed by a 1:1 binding model such that the rate
and equilibrium constants could not be calculated.

Measurement of BCMA-Fe Wild Type and 122K Binding to
Ligands—Since the single point mutation [22K resuited in a
BCMA-Z protein that maintained high sffinity for APRIL and
no measurable bisding to BAFF, this mutation was introduced
into BCMA-¥e protein to determine whether the affinity and
specifieity wonld be present in & bivalent format. The compe-
tition ELISA method, as described under “Experimental Pro-
cedures,” was used to measure binding of BCMA-Fe wild {ype
and 122K fusion proteins to APRIL or BAFF using biotinyiated
BCMA-Z for APRIL binding or biotinylated BR3 (24) for BAFF
binding (Fig. 4). These dsta reveal that the single point muta-
tion, 122K, in BCMA resulted in a bivalent protein that binds
APRIL {IC;, = 12 nn) with similar affinity fo the wild type
BCMA-Fe (IC,; = 9 o) but has no measurable affinity to
BAFF (IC;, > 10 pa).

DISCUSSION

Monovalent BCMA binds APRIL with high affinity. In con-
trast, the affinity of BCMA for BAFF is 1000-fold weaker than
far APRIL. Since the BCMA produced in E. coll binds APRIL
with high affinity and is equivalent io material produced by
expression in insect cells, the weak affinity for BAFF cannot be
explained by a misfolding of BCMA-Z. A recent report also
described the weak affinity of the monovalent BOMA-BAFF
interaction {25); however, ours is the frst report of a high
affinity interaction between monovalent BCMA and APRIL.
Consistent with earlier studies (5, 8, 25}, the bivelent protein
(BCMA-Fe) binds BAFF with an spparent high affinity. Ap
avidity compenent originating frem a bivalent receptor inter-
acting with a ligand having three binding sites can enhance the
gpparent affinity. Thus, it is likely that BAFF may bind with
high affinity to cells expressing BCMA only if the receptors are
preorganized on the cell surface, Although it has beea proposed
that FAS and TNFR1 can form homo-olipomers on the cell
surface in the absence of ligand (37), BCMA appesrs ta lack the
PLAD domain necessary for this association. Under aormal
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Fic. 4. Competitive displacement ELISA of BCMA-Fe wild type
nnd 122K mutant for ligand binding, BCMA-Fe wild type (circles)
mnd 122K mutant (sguores} toropeting with bintinylated BCMA-Z for
hinding to immobilized APREL and BCMA-Fe wild type (diamond} and
122K mutant (X} tumpeting with biotinylated BR3 for binding to im-
mobilized BAFF.

physinlogical conditions, BCMA may operate only 8s a receptor
for APRIL and not for BAFF. This conclusion is consistent with
recent findings showing thet the effects of BAFF on the devel-
opment of B cells are independent of BCMA (9).

Similar to BR3, a DXL motif is presented at the tip of & type
I f-turp in BCMA (21, 36). Shotgun alanine scanning of BCMA
confirms that the DXL motif is eritical for APRIL binding as
well ss BAFY binding (Fig. 54). These results suggest that this
portion of BCMA is bound in a cavity on APRIL that is similar
to the pocket on BAFF for binding BCMA and BR3 {(38-40). In
the structures determined for the BR3-BAFF or BCMA-BAFF
{Fig. 5B) complexes, the leucine residue of the DXL mobif
(Leu®™ in BR3, Leu'” in BCMA) interacts with BAFF residues
Als?, Leu®, Re™, and Pro®, with Gly*™ forming the bot-
tom of the pocket. The Asp residue of the DXL metif (Asp™® in
BR3, Asp?® in BCMA) makes a salt bridge with BAFF residue
Arg®®, snd the conformation of the Asp may be stabilized
through a hydrogen bond with BAFF residue Tyr™®. High
resolution structures for APRIL by itself or in complex with
BCMA are not available; however, APRIL is expected to have a
similar binding pocket for the leucine side chain, sinee, as
shawn in Fig. 5B, the key residues are conserved (Gly?%, e®,
and Pro®™) or eonservatively substituted {A207T, L211V)
Arg™® is conserved in APRIL, thus allowisg formation of a palt
bridge with Asp®®.

Residues sutside of the DXL motif would appear to confer the
specificity of BCMA for APRIL and BR3 for BAFF. For exam-
ple, mutation of Tyr*® has little effect oo BAFF-binding (Table
III), but even the subtle substitution of Tyr'? for phenylaianine
results in a remarkable 520-fold decrease in APRIL binding
affinity. The BAFF-BCMA crystal structure {36) shows that the
hydroxyl group of Tyr'® has the potential to form hydrogen
bends with Asp!® and Arg® on BCMA andler Tye™ op BAFF
(Fig. 5). Our results indicate that none of these potentin] hy-
drogen bonds are impoertant for BAFF binding. In contrast, the
hydroxyl group is clearly essentisl for high affinity APRIL
binding. Interestingly, the residue corresponding to Tyr™™ in
APRIL is a phenylglanine, suggesting that the importance of
Tyr? probably results from an intramolecular hydrogen bond
within BOMA. Given the key role of Asp®® in the interface, the
importance of Tyr*® to APRIL binding may be due to an indirect
effect of influencing the position of Asp™™; in BAFF, such a role
touid be eccomplished by Tyr™™ on the lpgand.
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Fio. 5. Functionsl and structural epitapes for ligand binding by BOMA. A, summary of BAFF and APRIL binding determinants mapped
onto the structure of BCMA (Protein Data Bank code 10QD {36)). All side choing evalunted in the shotgun alanine sean are shown. Side chains
colared green show a >10-feld decrease on binding to BAFF when substituted by alanine; those colored blue show >10-fold decrease on hinding to
APRIL when substituted by lanine; those colored red show >10-fold decrease on binding to both BAFF and APRIL when substituted by aianine.
B, tlese-up of the BAFF-BCMA contact region from the ligand-receplor eo-crystal structure (Protein Data Bandt code 109D (36)); BAFT contart
residuns are labaled in Black type, wherens those for BCMA are labeled in white type. BCMA is shown in o blue ribbon; only side chains that rontact
BAFF are shown, with the pddition of Gin™. BAFF is shown in o surface representation, with the portion of the surface that contacts BCMA enlored
yetlow and red; yellow indicates residues that are identical batween BAFF and APRIL; red indicates residues that differ between BAFF and APRIL,
with the APRIL residue type shown parenthetically using single-letter amine nrid code:

Are® of BCMA is also important for specifying APRIL versus
BAFF-binding, Agnin, mutstion of this pesition has little effect
on BAFF binding but disrupts APRIL binding sipnifcantly (Ta-
bles TIF and IV). In the BAFF-BCMA erystal structure, Arg™
forms a salt bridge with Glu™%, yet the R27Y mutont indicates
that this salt bridge is not required for BAFF association. This
conclusion is consistent with the observation of a high affinity
BAFF-BR3 interaction, since BR3 has s leucine (Leu®®) in the
position znalogous to Arg®’, Since APRIL has Giu*®® replaced
with Aln, it is unclear why Arg®’ of BCMA is required for high
affinity binding $o APRIL. Further understanding of this effect
will require determination of the BCMA-APRIL complex strue-
ture. In addition to the eontributions fram Lea®® interactions, the
specificity of BR3 for BAFF gver APRIL could be explained by the
substitution of a cvsteine residue (Cys™, which makes & disulfide
bond with Cys™) for the residue equivalent to Tyr'™. Indeed, the
C24Y mutation in BR3 increases affinity for APRIL (36), and
hydrophobic residues at pesition 38 in BR3 are imporiant for
BAFT binding (24).

In addition to BOMA residues Fyr'® and Arg®, our results

from phage display experiments suggest that Te® snd GIn™
are important for determining ligand specificity. Be™ makes a
hyvdrophobic contact with BAFF, and thus the 122K substitu-
tion results in a wenker affinity for BAFF. Interestingly, wild-
type murine BCMA has Lys at position 22 and would likely
have a weak offinity for mBAFF. The contact residues for Nle™
on BAYF, Tyr®%, pod Leu™®, are replaced with Phe and Argin
APRIL,. Given the positive charge on APRIL residue Arg®®®, it
is surprising that the 122K substitutica has no effect on affinity
for APRIL. The side chain of GIn™ is not in contact with BAFF,
and thus the §25D sinple muiation has no significant effect on
APRIL or BAFF binding. However, Q25D did increase affinity
for BAFF when combined with R27Y such that s dual specific-
ity BOMA variant was obtained. Given that Arg”™ and Gla™
point in opposite directions, the origin of this nonadditive effect
is unclear,

Both BAFF and APRIL have been implicated in antoimmune
diseases and carcinomas. APRIL expression has been shown to
be up-regulated in many tumors including colon and prostate
cancers (13, 41, 42). The BAFF-specific antagonist BR3-Fe (21),
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together with studies on BAFF knockout mice (9), has been
used to demonstrate the essentinl role of BAFY in B cell devel-
opment. The role of APRIL in B cell homeostasis is unclear,
especinlly since APRIL knockout mice displsy normal B cell
levels (43). Soluble BCMA-Fc has been used to suggest a role
for APRIL in humoral immaunity {8) and tumor growth (41);
however, sinte bivalent BCMA binds BAFF with high affinity,
the observed effects could be a consequence of BAFF inhibition.
These in pivo experiments could provide more conclusive evi-
dence for an invelvement of APRIL if monovalent BOMA was
used as an antogonist. Additionally, the BCMA-Fc mutant
[22K retains both high affinity and specificity for APRIL and
shoutd be useful for evaluating the role of APRIL in normal and
diserse states.

Acknowledgments—We thank Erik Verona for producing the bec-
ulovirus BCMA construst and Soreh Hymowitz for meny helpful
discussions.
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